A self-consistent treatment of reaction field effects on isotropic 14 N hyperfine coupling constants of nitroxide spin labels in mixtures of polar and apolar solvents is given based on the Onsager approach. It is shown that this works reasonably well for mixtures of water or methanol with dioxane, far better than do conventional approaches using the Clausius-Mossotti relation. Association constants, K A,h , for hydrogen bonding of protic solvents to nitroxides are derived in this way from published EPR data. A value of K A,h ≈ 1.0 M −1 is argued to be reasonable for water in a hydrophobic environment. Data from spin-labelled lipids can then be used to estimate effective water concentrations in biological membranes. C 2002 Elsevier Science (USA)
INTRODUCTION
Currently there is considerable interest in the effects of hydrogen bonding on the spin Hamiltonian parameters of nitroxides (e.g., (1) ). This arises primarily from the use of spin-label EPR to probe local water concentrations in biological systems (e.g., (2, 3) ). Isotropic 14 N hyperfine couplings a N o , for instance, depend both on hydrogen bonding and on the local dielectric permittivity (4) . The latter is related directly to the Onsager reaction field that varies according to (ε − 1)/(ε + 1), where ε is the dielectric constant. Determination of local proton donor (e.g., water) concentrations therefore requires allowance for the variation in effective local dielectric constant. In homogeneous mixtures of protic and aprotic solvents this may be done by direct measurement of the dielectric constant of the mixture (5) . In heterogeneous systems, e.g., membranes and the interior of proteins, however, some estimate is needed of the effective local dielectric constant.
The purpose of this communication is to give a consistent treatment of the reaction field in solvent mixtures that is based on the Onsager result for the dielectric constant in multicomponent systems (6) . This is then used to obtain association constants, K A,h , for hydrogen bonding to nitroxides from EPR data. A previous approach based on the Clausius-Mossotti relation is not self-consistent and performs less well when compared with experimental dielectric constants (7 ) . The Onsager treatment therefore may be used both to extract values of K A,h and to make polarity corrections in deriving local water concentrations from spin-label EPR data on biological systems. An example is given of water penetration in membranes.
THEORETICAL BACKGROUND
The isotropic 14 N-hyperfine coupling constant of a nitroxide in an aprotic solvent is given by (see (4, 6) )
where a
o,v is the extrapolated isotropic coupling constant of the free nitroxide in a medium of dielectric constant ε = 1, and n is the refractive index of the nitroxide. To a good approximation, n 2 ≈ 2.0 for nitroxides (see, e.g., (8) ). The strength of the reaction field, K v , depends on the dipole moment and size of the nitroxide (4, 6) .
In the presence of a proton donor, PH, chemical exchange takes place between the free and hydrogen-bonded nitroxides, which have isotropic hyperfine couplings a N o (0) and a N o,h , respectively. Al-Bala'a and Bates (7) showed that a N o,h depends little on the dielectric constant of the medium. Assuming that exchange is fast compared with the difference in hyperfine couplings, the isotropic coupling constant observed experimentally is given by (see, e.g., (9) )
where f h is the fractional population of hydrogen-bonded nitroxides. The latter is obtained from the law of mass action,
, [3] where K A,h is the association constant for hydrogen bonding with the nitroxide. Combination of Eqs. [1] - [3] gives the following dependence of the isotropic 14 N-hyperfine coupling constant of a spin label on the concentration, [PH], of proton donor,
, [4] where ε is the dielectric constant of the mixture of protic and aprotic solvents, which also depends on [PH] . The implicit result obtained by Onsager for the static dielectric constant, ε, in a multicomponent system is (6)
where α i is the polarizability, p i is the electric dipole moment, n i is the refractive index, and N i is the number of molecules per unit volume, of component i, and ε o is the permittivity of free space. For comparison, the corresponding relation from Clausius and Mossotti as extended by Debye is
3kT N i [6] which is applicable strictly only to gaseous mixtures and is recovered approximately from Eq. [5] in the limit ε − n 2 i n 2 i (6). In Kirkwood's treatment for associated fluids, the second term on the right in Eq. [5] , which describes the dipole contribution, is multiplied by a correlation parameter, g i ≥ 1. This extension allows for the mutual interactions of the dipoles and is a measure of their local ordering (10) . Consider a mixture of protic and aprotic solvents with dielectric constants ε h , ε v and refractive indices n h , n v , respectively. It is assumed that the dipolar contribution to the dielectric constant of the protic solvent dominates over that of its polarizability, i.e., that α h ≈ 0 in Eq. [5] . The aprotic solvent is taken to be apolar and hence its dipole moment is neglected; i.e., p v ≈ 0 in Eq. [5] . The dielectric constant of the mixture is then given by
[7]
Application of Eq. 
o is the molarity of the pure hydrogen-bonding solvent. Rewriting Eq. [7] then yields the following dependence of the dielectric constant on concentration [PH] of proton donor:
Expressing Eq. [8] in terms of the experimental dielectric constants largely compensates for the degree of approximation involved in the (in any case justifiable) assumptions made regarding the polarity of the two solvents. The expression given by Eq. [8] holds for Kirkwood's theory (10) only in so far as the correlation parameter, g h , remains relatively constant, independent of concentration [PH] . Departures of g h from values for the neat hydrogen-bonding fluid are expected most at high dilution, for which one anticipates that g h ≈ 1. Under these conditions, Eq.
[8] will overestimate the dielectric constant and the reaction field will saturate too rapidly. are shown by the dotted lines in the lower part of each panel in Fig. 1 . It is clear from this that corrections using the ClausiusMossotti relation are also far less significant than those based on the more realistic Onsager approach.
RESULTS

Polarity Contributions to Hyperfine Couplings
Hydrogen-Bond Donors in Dioxane
Nonlinear least squares fits of Eq. [4] to the experimental hyperfine couplings are given by the solid lines in Fig. 1 . Using Eq. [8] 
Hydrogen-Bond Donors in Benzene
In view of the far superior performance of the Onsager treatment, a reevaluation of hydrogen-bonding association constants derived using the Clausius-Mossotti approach is desirable. Figure 2 gives the data from (7 ) for the dependence of a N o for 4-oxo-2,2,6,6-tetramethylpiperidine-N -oxy (TEMPONE) on proton donor concentration in mixtures of trifluoroethanol (TFE) or n-butanol with benzene. Nonlinear least squares fits of Eqs. [4] and [8] to the data for TFE and n-BuOH are given by the solid lines in Fig. 2 . Fixed values of a ε=1 o,v = 1.439 mT and K v = 0.0544 mT are used in these fits (7 ) . Polarity corrections to a N o using these values in Eq. [1] are given by the dashed and dotted lines in the lower part of both panels in Fig. 2 , for the Onsager and Clausius-Mossotti approaches, respectively. Table 1 gives the fitting parameters for TFE and n-BuOH, along with those for several other proton donors. These values are obtained by using Eq. [8] from Onsager with the following dielectric constants: ε h = 24.3, 17.8, 10.9, 20.1, 10.9, 4.806; and refractive indices, n h = 1.2907, 1.3993, 1.3878, 1.3850, 1.5408, 1.4459, for TFE, n-BuOH, t-BuOH, n-PrOH, PhOH, and CHCl 3 , respectively; and ε v = 2.284, n v = 1.5011 for benzene. The ClausiusMossotti approach yields considerably different values for the fitting parameters, although the quality of the fit (given by the dotted lines in the upper part of each panel in Fig. 2) remains high. For n-BuOH the value of K A,h obtained with the a Deduced from the data of Al-Bala'a and Bates (7 ), by using Eqs. [4] and [8] (see text). a N o,n is the isotropic hyperfine coupling constant in the neat solvent. Clausius-Mossotti correction differs by 40% from that given in Table 1 , for n-PrOH by 50%, for t-BuOH by 20%, and for TFE by 14%. Only for PhOH (3%) and CHCl 3 (1%) do the two values lie within the uncertainty range estimated from the fits.
DISCUSSION
The most striking aspect of the association constants for hydrogen bonding to the nitroxide is the very low value found for H-donors in dioxane compared with those in benzene. Possibly this is related to the "anomalous" behavior of 1,4-dioxane as an apolar solvent that has been referred to already (cf. (8)). Presumably dioxane participates itself in hydrogen bonding with protic solvents. The values of K A,h that are given in Table 1 are therefore those most appropriate to spin labels in a hydrophobic environment. Severely limited miscibility precludes determinations for water, but the value of K A,h = 1.0 M −1 for TFE might be taken as representative because TFE has the highest dielectric constant in Table 1 and n v = 1.3751 appropriate to n-hexane were used for these calculations. Thus the center of chromaffin granule membranes is devoid of water, whereas a nonvanishing water concentration, equivalent to approximately 200 mM, is found in the middle of the hydrophobic region of dimyristoyl phosphatidylcholine bilayers. The high concentration of cholesterol in chromaffin granule membranes is the origin of this difference (2) . It also causes the water concentration in the upper region of the chains to be higher in chromaffin granule membranes than in dimyristoyl phosphatidylcholine bilayers. The effective bulk water concentrations in this part of the membrane are in the region of 1-2 M. These are referred to as effective values because bulk solutions are used for calibration of surface concentrations in the two-dimensional membrane system. An appropriate alternative measure could be the water/lipid mole ratio, (13) . In principle, this could be extended to an effective surface concentration by using the area/lipid molecule (see, e.g., (13) ).
